Background: Distinguishing low-grade from high-grade gliomas can aid in optimal treatment planning and prognostication. Diffusion-weighted imaging (DWI) and magnetic resonance spectroscopy (MRS) have been applied in several studies for noninvasive glioma grading. However, these studies focused on limited aspects of these imaging techniques and used different study setups, resulting in occasionally inconsistent and incomparable conclusions in the literature.
Background
In addition to the differences in prognostic issues between low-and high-grade gliomas, therapeutic approaches to high-grade gliomas include various combinations of surgery, radiotherapy, and chemotherapy, whereas generally more conservative approaches are considered for the treatment of low-grade gliomas (1, 2) . Although conventional magnetic resonance imaging (cMRI) has a wellestablished role in the diagnosis and morphological assessment of brain gliomas, accurate tumor grading and the real infiltrative tumor boundaries in the surrounding brain parenchyma cannot be well-elucidated (3) . Developments in magnetic resonance imaging (MRI) have led to the development of techniques to compensate for the low accuracy of cMRI. Of these techniques, diffusion-weighted imaging (DWI), magnetic resonance spectroscopy (MRS), and perfusion-weighted imaging are the most studied and promising in the literature (4-7). DWI and MRS have been applied in several studies for non-invasive glioma grading. However, each study focused only on limited aspects of these imaging techniques in tumor grading, and they used different study setups, resulting in occasionally inconsistent conclusions in the literature.
Objectives
This research studies the efficacy of MRS-and DWIbased glioma grading in comparison to cMRI, and investigates all possible effective imaging parameters and various combinations thereof (true multimodal imaging) in an attempt to introduce more reliable parameters in glioma grading using MRS and DWI techniques. The study also evaluates the results of various echo times in MRS, and of various b-values in diffusion-based studies, in order to achieve the optimal imaging setup for non-invasive tumor grading.
Methods

Patient Population
Fifty-six patients with a diagnosis of brain glioma based on cMRI, who were candidates for craniotomy and tumor debulking or removal, were consecutively enrolled over the 36 months of this cross-sectional study from April 2010 to April 2013. The participants included 34 males and 22 females, with a mean age of 41 years (range 17 -67 years). The study was approved by the ethics committee of our hospital and Tehran University of Medical Sciences, and informed consent was obtained from each patient. Considering the sample size formula and previous studies' statistics on non-invasive grading of brain gliomas using MR techniques, a patient population of approximately 50 was needed. Infratentorial tumors, or supratentorial tumors in close vicinity to the bony skull base, were excluded from the study because of intolerable signal artifacts appearing on DWI and MRS images. Completely cystic lesions were also excluded. Children were not included because of relatively different brain MRS and DWI signal characteristics. Only patients who were candidates for tumor resection via craniotomy were included, in order to minimize the pathologic errors in tumor grade assessment that are generated by the heterogeneous nature of glial tumors. One patient with a postoperative pathology report of metastatic adenocarcinoma was retrospectively excluded from the study. A total of 55 cases of newly diagnosed brain gliomas that had never undergone any mode of brain tumor treatment were finally included in the study.
Conventional MRI
MR imaging was performed on a 3 Tesla MR scanner (Siemens MAGNETOM Tim Trio), using a phased-array head coil, flip angle = 90°, matrix size = 256 × 256 pixels, and field of view (FOV) = 140 × 140 cm 2 , which covered the tumorous region and the normal-appearing contralateral brain hemisphere, as described below. 1) Axial, coronal, and sagittal T2-weighted fast-spin echo, TR/TE = 4500/90 msec.
2) Axial fluid-attenuated inversion recovery (FLAIR), TR/TE/TI = 9800/110/2200 msec.
3) Pre-and post-contrast axial T1-weighted spin echo (SE), TR/TE = 650/9 msec.
Tumor grading based on cMRI was accomplished by two experienced neuroradiologists. Features such as significant mass effect, substantial contrast enhancement or signal heterogeneity in the tumorous regions, irregular margins, lower solid-tumor T2-weighted image signal intensity, and the presence of necrotic portions or significant peritumoral edema all indicated a high-grade glioma. 3 , TR = 1500 msec, flip angle = 90°, sampling interval = 0.833 msec, number of data points = 1024, and bandwidth = 1200 Hz. Multi-voxel 2D proton chemical-shift imaging (CSI) was obtained before contrast material administration to avoid the probable theoretical inaccuracies that would occur. The CSI grid was placed on the anatomical MR image (axial T2-weighted image) based on the morphological features of the lesion, and was extended to include the contralateral normal side of the brain. An extra single-voxel acquisition, located at the contralateral normal centrum semiovale, was performed to provide phase information with the eddy-current compensation (ECC) procedure. The chemical-shift selective (CHESS) technique was employed to suppress the water signal. Out-of-volume saturation bands were applied to suppress signals excited outside the FOV. No lipid suppression was applied. Manual shimming was performed.
Pre-Processing
Preliminary modifications in the time-domain and the employment of in-house quantification software (8) were applied to the raw data to achieve the best quantification performance as follows (9): 1) SNR enhancement; 2) ECC; and 3) residual water removal.
Quantification
The quantification procedure of the 1H-MRS imaging data was performed in the time-domain employing the subtract-QUEST algorithm (10) , to simultaneously quantify the metabolites and to estimate the baseline signal generated with macromolecules (11) . The quantification results
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Iran J Radiol. inpress(inpress):e17817. 1000, and 3000 sec/mm2 in the axial plane before the injection of the contrast agent. The images were acquired in three orthogonal directions and combined into a single image, resulting in three ADC maps using three b-values of 500 (low), 1000 (intermediate), and 3000 (high) DW images, referred to as ADC 500 , ADC 1000 , and ADC 3000 , respectively.
Quantification
MR images for the ADC 500 , ADC 1000 , and ADC 3000 maps (× 10 -3 mm 2 /sec) were co-registered to compensate for rigid-body motion existing between the slices of each map and among the three maps, using an in-house software program developed in MATLAB 7.14 (Math Works Inc.). Solid tumor and normal contralateral white and gray matter from one or more slices containing the largest crosssection of the brain tumor were sampled by two expert neuroradiologists on the ADC 1000 map. The coordinates were transferred to the program to sample the corresponding regions on the ADC 500 and ADC 3000 maps, considering the voxel-by-voxel alignment of these maps. The intensity values for each region on each map were then exported for statistical analysis.
Histopathological Evaluation
Due to the heterogeneous nature of gliomas, tissuesampling errors seem to be the main cause of occasional incorrect pathology reports of glial tumor grades postoperatively. To enhance our research reliability, we decided not to include patients whose brain tumor tissue specimens were derived from biopsies. After total or near-total resection of the tumors via craniotomy, the specimens were evaluated by an experienced neuropathologist under light microscopy, and tumor grading was performed according to the world health organization (WHO) criteria for brain tumor classification (12) . Of the 55 patients in this study, one (2%) proved to have a pilocytic astrocytoma (grade 1), 22 (40%) had grade 2 gliomas, 10 (18%) had grade 3 gliomas, and 22 (40%) had grade 4 gliomas. Grades 1 and 2 were designated as low-grade tumors, while grades 2 and 3 were high-grade.
Statistical Analysis
After checking for Gaussian distribution using the Kolmogorov-Smirnov test, the Mann-Whitney U test was used to evaluate differences between the WHO subgroups. P-values of less than 0.05 were considered to have statistical significance. Receiver operating characteristic (ROC) curve analyses were performed to define and compare the diagnostic values of various metabolite ratios. Using the ROC curve analyses, we defined the threshold values for imaging parameters of the present study that had met statistical significance in glioma grading. The corresponding sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and accuracy were also determined for each cut-off value. Statistical analyses were performed using SPSS software (version 16) and STATA software (version 11).
Results
cMRI
Pre-operative cMRI could correctly predict the pathologically proven tumor grade in only 69% of patients. Of the pathologically proven grade 2 tumors, cMRI falsely diagnosed 19% and 14% as grade 3 and grade 4, respectively, and of the grade 3 tumors, cMRI misdiagnosed 44% and 33% as grade 2 and grade 4, respectively. Only 5% of grade 4 tumors were falsely diagnosed as grade 2. Table 1 presents the Chol/Cr, Chol/NAA, and NAA/Cr values, quantified in the contralateral normal-appearing white matter. Table 1 presents the three ratios, Cho/Cr, Cho/NAA, and NAA/Cr, in three different TEs, showing a higher mean Chol/Cr ratio in the intermediate TE compared to the short and long TEs, and significant elevation of both the Chol/Cr and the Chol/NAA ratios with the tumor grade. In contrast, the NAA/Cr ratio had the highest values in long TE compared to short and intermediate TEs, showing an inverse relationship with tumor grade. three applied TEs. However, the min (NAA/Cr) differences between the different tumor grades were statistically significant only in long TE.
MR Spectroscopy
Normal Side of the Brain Metabolite Ratios
Metabolite Ratios in Various Glioma Grades Acquired With Different TEs
Developing Metabolic Ratio Cut-Off Values for Clinical Applications
Due to the numerous metabolites under study, a long list of statistically significant variables for glioma grading was prepared for the ROC curve analysis. Table 3 presents the most reliable cut-off points derived from the analyses with an area under the curve (AUC) of ≥ 0.800.
Highly reliable thresholds could not be determined to effectively separate grade 2 and 3 tumors. The best cut-off value to achieve this goal was 0.90 for Chol/Cr in long TE with PPV, NPV, and AUC of 61%, 72%, and 0.67, respectively.
DWI 4.2.1. ADC Values for the Normal side of Brain
Mean ADC values (× 10 -3 mm 2 /sec) for normal brain gray and white matter are summarized in Table 4 . Table 4 presents the minimum and mean tumor ADC values for three different b-values, resulting in a statistically significant inverse relationship of the ADC values with tumor grading (P < 0.05).
ADC Values in Various Glioma Grades Using Different b Values
Developing ADC Value Thresholds for Clinical Applications
The mean and minimum ADC values showed almost similar AUCs (around 0.800) for various b-values. Table 4 presents DWI thresholds with AUC ≥0.800 in grading of gliomas (high-grade versus low-grade). No DWI parameter could effectively distinguish grade 2 from 3 with high sensitivity and specificity.
Combining DWI and MRS Parameters: True Multimodal Parameters in Glioma Grading
In an attempt to achieve higher sensitivity, specificity, and accuracy, we combined the most reliable resulting parameters of MRS and DWI in glioma grading in different ways, which resulted in no significant improvements in sensitivity, specificity, and accuracy.
The most powerful of these new parameters are as follows:
-Max (Chol/Cr) at TE = 30/min (ADC) at b = 3000, with a cut-off point of 1.14, could distinguish high-from low-grade tumors with a sensitivity of 82% and specificity of 88% (AUC = 0.842, 95% confidence interval [CI] = 0.79 -0.93, P < 0.001).
-Max (Chol/Cr) at TE = 270/mean(ADC) at b = 3000, with a cut-off point of 0.84, resulted in 92% sensitivity and 70% specificity for distinguishing high-from low-grade gliomas (AUC = 0.842, CI = 0.80 -0.91, P = 0.007).
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Iran J Radiol. inpress(inpress):e17817. Combining certain relevant variables of MRS resulted in a more brilliant parameter. Max (Chol/Cr)/min (NAA/Cr) at TE = 270 had the best AUC of 0.92 (CI = 0.82 -1), which showed a sensitivity of 100% and specificity of 50% for the threshold of 0.41. The sensitivity, specificity, PPV, and NPV were 86%, 91%, 93%, and 83%, respectively, for the threshold of 0.69. There was a sensitivity of 64% and specificity of 100% for the threshold of 1.10.
U n c o r r e c t e d P r o o f
Discussion
A diagnostic accuracy of 55%-83.3% has been reported for glioma grading using cMRI (5, 7, 13) . A diagnostic accuracy of 62%, sensitivity of 72%, and specificity of 48% has been reported in a recent study on contrast-enhanced MRI in differentiating between high-and low-grade gliomas (14, 15) . Using the Spearman correlation analysis, a correlation coefficient of 0.72 was obtained between the grading with cMRI and the gold standard pathologic grading. A higher sensitivity of 83% and a specificity of 69% with cMRI in distinguishing high-from low-grade gliomas compared to most previous studies were observed (PPV=78% and NPV=76%), but grading using cMRI was still apparently less reliable than MRS (Figure 1 ).
Chol/Cr shows its highest values in intermediate TE
and lowest values in short TE, whereas NAA/Cr is highest in long TE and lowest in short TE. These changes reflect the higher T2 relaxation time of Chol, and especially of NAA, relative to Cr. It is noteworthy that NAA has the longest T2 relaxation time among brain metabolites, as the T2 relaxation times for NAA, Chol, and Cr on 3T were 262 ± 37, 170 ± 18, and 151 ± 15 msec, respectively (15) .
The signal contamination on NAA from the neighboring metabolites (9, 10) , as well as the macromolecules' baseline signal in short TE (16) This 22-year-old female was admitted due to recent seizure attacks and a relatively homogeneous non-enhancing intra-axial lesion in the right medial frontal lobe, with no obvious peritumoral edema and almost no mass effect, suggesting a low-grade glioma based on cMRI (A, T2WI; B, T1WI + contrast). However, a high-grade glioma with a high focal max(Chol/Cr) ratio (mean max[Chol/Cr] in the tumoral region of 2.11, compatible with a high-grade glioma) was observed on CSI-MRS (superimposed metabolite graphic map) with TE = 270 msec (C). The tumor was pathologically proven to be a glioblastoma multiforme. which are intensified with the high T2 relaxation time of NAA relative to Cr. Such a result in the quantification of NAA suggests relying on NAA/Cr quantification in long TEs, followed by intermediate TEs, where signals from the macromolecules' baseline and other contaminating short-T2 metabolites have substantially subsided. This is also true when using NAA in combination with other metabolites in a ratio, such as Chol/NAA, which explains the statistically insignificant differences between high-and lowgrade gliomas in a study from 2007 (17) that observed that the Chol/NAA ratio was quantified in short TE. The same concept holds for accurate Chol quantification that is hindered in short TE due to short-T2 metabolites and the macromolecules' contaminating signals, resulting in reliable quantification of Chol/Cr in intermediate-to-long TEs.
Our findings confirm that Chol/Cr, particularly max (Chol/Cr), is the most viable metabolite ratio for accurate grading of gliomas, with a diagnostic accuracy of 70% for Chol/Cr in intermediate TE (and even higher for long TE), as well as 88% for max (Chol/Cr) in long TE. These results are in agreement with the results proposed by Senft et al. (14) in 2010 on 3T, with a diagnostic accuracy of 82.5% and 72.1% for max (Chol) and Chol/Cr, respectively, in intermediate TE, showing superior power for glioma grading based on the Chol content. However, our findings contrast with some other studies, such as one by Zonari et al. (18) in 2007 on 1.5T, emphasizing the role of the NAA/Cr ratio in glioma grading. Figure 2 compares the ROC curves of cMRI and our most reliable metabolite ratio in glioma grading with the AUCs for cMRI and the MRS ratio of 0.83 and 0.92, respectively, proving that MRS (and particularly the new parameter) has a significant advantage over cMRI in glioma grading (P < 0.05).
Comparisons of ADC values for normal brain gray and white matter in different b values (Table 3) , which has been mostly ignored in the literature, revealed that imaging with lower diffusion sensitivities of b = 500 or 1000 provides relatively lower mean ADC values for gray matter. However, lower ADC values for white matter are observed 6 Iran J Radiol. inpress(inpress):e17817. by applying higher diffusion sensitivities of b = 3000. This difference is significant, both quantitatively and qualitatively.
Higher-grade gliomas showed consistently lower ADC values for all b-values, but using various b-values led to highly comparable results in glioma grading (P < 0.05). This is in contrast to the report of Alvarez et al. (19) , who proposed that using a high b value (3000 in their study) is the most reliable for glioma grading.
It seems that using minimum ADC values in glioma grading (as reported by Lee et al. (20) ) results in higher AUCs when compared to maximum or mean ADC values (although not statistically significantly).
The parameter introduced by Murakami et al. (21) as the ADC difference value (the difference between minimum and maximum tumor ADC values) did not meet statistical significance in glioma grading at any of the applied b values. Figure 3 compares the ROC curves for cMRI and DWI's most reliable parameter in glioma grading. Considering the AUC of 0.83 (CI = 0.72 -0.90) for cMRI (P = 0.08) and the AUC of 0.80 (CI = 0.70 -0.86) for DWI (P = 0.035), despite the differences between these two AUCs not meeting statistical significance, it seems that DWI possesses the same power as cMRI in grading gliomas. Therefore, DWI does not show any advantage over cMRI in glioma grading. Financial Disclosure: All research funds were provided by Tehran University of Medical Sciences (TUMS). We had neither any sponsors nor any conflicts of interest/financial interests.
